The adsorption dynamics of H2 on Pd(111) alloyed with V has been studied using molecular beam experiments (MB) and ab-initio density functional theory (DFT) calculations. The experiments show that dissociation on pure Pd(111) is dominated by dynamical steering and therefore shows strong rotational hindering. The alloy surface exhibits a sticking probability independent of rotational excitation and an isotropic distribution of inelastically scattered molecules, attributed to a dynamical precursor. DFT calculations of the potential energy surface and ab-initio simulations of scattering events demonstrate that the different behavior of Pd and Pd/V surfaces arises from the existence of a flat physisorption state.
The concept of a precursor to chemisorption has a long history [1, 2, 3] . Already the simple Lennard-Jones model [4] for dissociative chemisorption included the possibility of a molecularly adsorbed state. Precursors were first postulated as extrinsic precursors (in a second adsorption layer) to explain sticking coefficients independent of surface coverage [5] . Intrinsic precursors (on the clean surface) were proposed somewhat later. Physics related to intrinsic precursors includes the surface temperature dependence of sticking as well as sticking coefficients falling with particle energy [1] . Many times intrinsic precursors were considered mere conceptional crutches. As an example for this attitude we just want to point to papers like "How real are precursors?" [6] or "Precursor states myth or reality?" [7] A completely new point of view was introduced with the idea of "dynamical steering" [8, 9, 10, 11, 12, 13] . It was shown that the interaction between surface and impinging adsorbate could steer the adsorbate in favorable positions exhibiting high adsorption probability. This steering may include surface coordinates as well as the an-gular orientation of the molecule. Phenomenologically the result of steering will be very similar to the one expected from an intrinsic precursor. Both models can explain sticking coefficients falling with particle energy equally well. One special feature of dynamical steering, rotational hindering, can be used experimentally to exclude the involvement of a precursor in chemisorption. Rotational hindering leads to a decrease of the sticking probability with increasing rotational energy of the impinging molecule [8] . Up to date all adsorption systems involving hydrogen, when investigated for rotational hindering, have exhibited this feature [14, 15, 16, 17] . An intrinsic precursor with a finite lifetime and sufficient mobility would certainly erase all prior influence of dynamical steering. It has been shown that trapping into a precursor (in contrast to direct chemicorption) is not influenced by the rotational state [18] ; apparently the trapped molecule can rotate quite freely in the precursor state [19] . At this point it seemed that the concept of a precursor was not applicable for hydrogen adsorption. Only for a few very open stepped surfaces a molecular hydrogen precursor could be populated [20, 21] . Other molecules, though, like N2, CO, or O2 have been found to adsorb via a molecular precursor [18, 22, 23] . In this paper, using experimental and theoretical tools, we will show that precursors for hydrogen do exist for the adsorption on a Pd/V alloy. This is the more surprising, as the crystal plane investigated is a smooth fcc (111) face. Our sample was a circular Pd (111) crystal with an area of 0.70 cm 2 . The alloy for the experiments was produced in situ by evaporating 0.33 ML of vanadium on the Pd surface. At the surface temperature of 573K used during evaporation the vanadium is transferred subsurface into the second atomic layer, forming a (√3 x √3)R30° structure [24] . The adsorption experiments were performed with the help of a nozzle beam. For further experimental details please see [25] . In Fig. 1 we plot the sticking coefficient as a function of beam energy, both for clean Pd (111) and the Pd(111)/V alloy. The shape of the curves S(E(T)) is quite similar for the two materials, although the absolute values differ. The experimental mode S(E(T)) achieves an energy change by means of a variation in the nozzle temperature. One has to keep in mind that in such an experiment the rotational energy of the hydrogen is also changed with the nozzle temperature [14] . One can use mixtures of rare gases and hydrogen (seeded beams) to obtain a functional dependence S(E)T for which the internal energy of the hydrogen molecule remains constant [26] . The mixing ratio of the two gases determines the beam energy. Any difference between the results of these two modes of measurement is indicative of the presence of dynamical steering [14] . Whereas for Pd there is a huge effect of the rotational state on the sticking coefficient, for the adsorption on the Pd/V alloy no such influence can be observed. The influence of molecular rotation in adsorption is closely related to possible isotope effects between H2 and D2 [16] . Indeed there is no observable difference in the sticking coefficient of H2 and D2 for adsorption on the alloy. In contrast a clear isotope effect is present [14] in the adsorption of H2/Pd(111). In view of the experimental results it seems that the sticking coefficient for H2/Pd+V, which falls with beam energy in the low energy regime, is the result of adsorption via a molecular precursor. Adsorption on the clean Pd in contrast does involve dynamical steering rather than a precursor. This is a very surprising result, since the top layer of the surface in both cases is Pd and the shape of the functional dependence S(E(T)) is quite similar. Interestingly, hydrogen adsorption on a clean bcc V(111) surface is also determined by dynamical steering [27] . To gain additional information on this striking result we have performed modulated beam scattering experiments [28] on both surfaces. Beam scattering is a wellestablished technique, which unambiguously allows identifying precursor adsorption [29] . As will be shown, these experiments verify the results described above: only in the case of the alloy is a precursor involved in hydrogen adsorption. In our specific experiment a hydrogen beam mechanically modulated with 500 Hz is incident on the sample under an angle of 45 degrees. A rotable quadrupole mass spectrometer and a Lock-In amplifier are used to register the "in plane" scattering density. The surface temperature is kept at 520K to obtain a dynamical adsorption/desorption equilibrium with negligible surface coverage (below 490 K we see the beginning of hydrogen coverage on the alloy using He scattering). Yet the surface temperature is low enough (and the chopper frequency high enough) to completely demodulate the signal originating from hydrogen desorbing from the chemisorbed (dissociated) state: the residence time on the surface is much longer than the chopper period. In contrast a modulated signal is obtained for hydrogen molecules trapped and immediately re-desorbed from a short-lived precursor state. The angular variation of the flux originating from trapping/desorption should roughly exhibit a cosine distribution. Superimposed on the molecules from the precursor are additionally the direct elastically scattered molecules (specular peak) and the direct inelastically scattered particles also located at or near the specular peak. In Fig. 2 we show the result of the scattering experiments for a clean Pd(111) surface and in Fig. 3 for a Pd(111) surface with 0.33 ML subsurface V. For both experiments the impinging flux as well as the quadrupole sensitivity were identical. The scattering densities in the two figures can therefore directly be compared. For the Pd surface isotropically scattered particles are practically nonexistent. One can best recognize this feature for the back-scattered molecules at angles larger than +20°. This is true for the beam energy of 20 meV (nozzle temperature roughly 80 K) for which a possible precursor should be especially pronounced, as well as for a high energy beam of 275 meV for which the precursor mechanism should have mostly been replaced by direct chemisorption. What a different effect for the subsurface alloy: there is a clear precursor contribution leading to an isotropic scattering distribution (cosine distribution with respect to the surface) at 20 meV particle energy. At the higher beam energy the isotropic contribution falls below the one obtained at low energy (please compare the distribution at positive angles). This decrease is the result of the trapping coefficient falling with beam energy. An additional feature is the behavior of the specular reflection: with precursor trapping present on the alloy, the specular peak practically disappears. For clean Pd in contrast an intense specular reflection is obtained under identical conditions. All the experimental evidence clearly points to a precursor mechanism for adsorption of H2 on the Pd(111)/V alloy, whereas adsorption on the clean Pd is governed by dynamical steering.
For a further investigation of this qualitative difference between the two surfaces, we have performed ab-initio calculations. We used the Vienna ab-initio simulation package VASP [30, 31] , a plane wave based density functional code employing the projector augmented wave method [32] . For further computational details, we refer to Ref. [24] , where the structure of the Pd/V alloy has been investigated using the same method. The clean Pd surfaces have already been studied thoroughly in the past: the potential energy surfaces (PES) of all three low index faces exhibit similar topological features, which form the basis for steering effects [33, 34, 35, 36] . Activated and non-activated pathways to dissociation co-exist, so that slow particles can re-orient during their approach and move (become steered) towards the most favorable pathways, while fast particles are reflected. At first glance also the alloyed surface shows the same basic features. In Fig. 4 some characteristic sections of the 6D-PES for Pd and Pd/V are displayed. These so-called elbow-plots describe the PES of a hydrogen molecule as a function of its bond-length (d) and height above the surface (h) for a specific (fixed) impinging geometry. In panel 4a and 4c such plots are presented for a molecule oriented parallel to the surface with the center of mass over a substrate atom, leading to dissociation into bridge sites (b-t-b) (see inset). The most significant difference between the PES over the alloy and the Pd surface is the higher chemical reactivity of the pure Pd metal surface: potential energies at corresponding positions are in general lower on the Pd surface. The strong interaction with the subsurface V-atoms shifts the Pd d-states downward, resulting in the observed loss in reactivity [37] . Another difference related to the lower reactivity is the higher energy barrier after the local minimum within the b-t-b elbow in Fig. 4 b for the surface alloy. The H2 molecule approaching the Pd surface (in Fig. 4 c) gains enough energy (280 meV) to overcome the small barrier and is able to dissociate over an on-top site. The barrier on the alloy, in contrast, is much higher (220 meV) compared to the energy gain (96 meV). However, a molecule starting from this "local minimum" within the elbow-plot can dissociate without confronting any barrier by shifting sideways towards the hollow position with the V atom underneath, resulting in a final position with the H atoms in the fcc-hollows. That means that molecules closer than 2 Å can dissociate without any barrier on both surfaces, although there are fewer non-activated reaction pathways on the alloyed surface. In the entrance channel -on the other hand -we find slight barriers over all surface positions (e.g. b-b in panels c and d) except over on-top sites. Hence, during approach slow molecules move towards on-top sites, where there is the only possibility to reach the surface without barrier. In Fig. 5 we have analyzed the potential energy (at optimized bond-lengths) in the entrance channel over on-top sites. For distances higher than about 2.5 Å upright molecules are favored. This can be understood by approximating the PES of the hydrogen molecule by the superposition of the potentials of two individual H atoms. In the region where the H-surface potential has negative curvature parallel orientated molecules (both atoms at h1,2=h0) are favored compared to upright ones (h1,2=h0±d). This angular preference is much greater than the energetic corrugation across the surface unit cell, therefore in the first phase of the steering process slow molecules will mainly become tilted. At a height of around 2.5 Å this behavior becomes reversed. Now flat molecules can approach the surface more easily, while the pathway for upright molecules increases steeply in energy. In Fig. 5 b the transition between these two regimes of "angular steering" is visualized. While over Pd the PES is highly attractive and a transition without any barrier between these two regimes is possible, over Pd/V a shallow physisorption minimum for upright molecules is formed. In the one-dimensional picture of Fig. 5a a typical Lennard-Jones like situation for a physisorbed state is visible. In this figure we have included the corresponding curves for V(111), for which rotational hindering (i.e. steering) has also been observed [27] . For this surface the minimum is absent, too, as it is over other surfaces, for which steering has been shown to dominate the adsorption process (e.g. for Rh(100), Pd(100) [33] and Ni(110) [36] ). Although the minimum barrier for leaving the precursor is only about 20 meV, the energy gradient with respect to the tilt angle is small, consequently there is -at first impact -no reason for the molecule to turn flat and it moves up against the energy hill for upright molecules. Or in other words: although the barrier height is rather small, the prefactors are too small to lead to a significant number of slow molecules passing the barrier. However, the molecule will loose kinetic energy upon impact due to the interaction with the substrate, enough to be trapped in this physisorbed minimum. The low corrugation in this physisorption well allows a reorientation and the molecule can dissociate. We are well aware of the fact that gradient corrected density functional theory calculations tend to underestimate weak interactions. However, while the absolute depth of the physisorption well might be underestimated within the present calculation the qualitative trends will remain unchanged. In conclusion: although the PES of clean Pd metal and of Pd/V alloy surfaces are in principle quite similar, a small but crucial difference exists in the transition from the far-out region, where upright molecules are preferred, to the lower (closer) regime where only flat molecules can approach the surface without significant energy cost. This interplay between the two regimes, which can be characterized by the two typical pathways shown in Fig. 5a , determines whether the physisorption well is dominant and precursor mediated adsorption can be observed or if a steering mechanism dominates the adsorption process. 
